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1.0 INTRODUCTION

This report describes the results achieved for the K
development of a circulator under Contract N00173-80-C-0434.- This

program called for the development of an octave band circulator in

7.5 - 18 GHz having the following specifications.

Design Objectives Proposed

Frequency Range 7.5 - 18 7.5 - 18

Instantaneous 1 Octave 1 Octave
Bandwidth

Power Levels

Peak Power 20 kW Min. 20 kW Min.

Average Power 1 kW Min. 1 kW Min.

Isolation 20 dB Min. 20 dB Min.
(70% of band)
18 dB Min.

Insertion Loss 0.6 dB Max. 0.6 dB (70% of
band) 0.7 dB Max.

VSWR

VSWR Into Matched 1.15 1.25 (70% of band)
Load 1.35 Max.

Max Load VSWR 2.0:1 2.0:1

Temperature Range 0 to 500 C 0 to 500 C

Waveguide Inputs WRD750D24 WRD750D24

Number of Accessible 4 4
Ports

Applied Field Fixed Magnets Fixed Magnets

Cooling Liquid

Flow 1/4 gpm

Pressure Drop 10 psiI
!1



Initially, a four port differential phase shift circulator

using nonreciprocal phase shifter in a rectangular waveguide

structure was studied. Nonreciprocal phase shifter design

with H-plane ferrite and E-plane dielectric in a rectangular

waveguide displayed limitations in terms of broadband performance.

With optimum phase shifter geometry, 90% of required bandwidth

could be achieved. ,However matching section of-phase shifter and

transition from rectangular to ridge waveguide would further

limit the bandwidth. Therefore, the phase shifter design

using rectangular waveguide was abandoned and nonreciprocal

phase shifters in double ridge waveguide structures were used in

the circulator design.

- During the course of the circulator development program

analytical studies on dielectric and ferrite loaded double

ridge waveguide were performed. Design effort was placed on

the frequency range between 8 to 16 GHz. Raytheon circulator

design uses two magic tees and two non-identical nonreciprocal

phase shifters in standard WRD750D24 double ridge waveguide.

II
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2.0 CIRCULATOR CONFIGURATIONS

Differential phase shift circulators can be built in

several configurations. Four configurations are shown in Figure 1

(a), (b), (c), and (d). All four have the same principle of

operations. Power entering Port 1 emerges from Port 2 only, and

so on until power entering Port 4 emerges from Port 1 only.

The device in Figure l(a) is the most common configuration.

This option is probably the most favorable if a 3 dB quadrature

hybrid operating over the required frequency range with acceptable

unbalance is available. Unfortunately a 3 dB quadrature hybrid

at the desired frequency range with suitable performance is

not currently available. The design indicated in Figure l(b) uses

input and output magic tees, separated by a 00/1800 nonreciprocal

phase shifter in parallel with a dielectrically loaded reciprocal

tracking phase shifter. The design of 00/1800 nonreciprocal phase

shifters requires longer ferrite slab, hence, causing higher

insertion loss of the phase shifter. The circulator design

using Figure l(b) causes an amplitude unbalance because the

insertion loss of the ferrite is higher than that of the dielectric.

The design in Figure l(c) uses two magic tees, two identical 00/900

nonreciprocal phase shifters, and two dielectrically loaded

reciprocal phase shifters which provide a fixed reciprocal

phase difference of 900 between the two phase shifters

over the operating frequency range. For wideband design, the

reciprocal phase shifters imposes serious limitations on the

I
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bandwidth because a phase shift of approximately 900 cannot be

maintained across a wide range of frequencies. The approach

using Figure l(d) uses two magic tees and two non-identical

nonreciprocal phase shifters. Phase tracking requirement

over wide bandwidth can be met more easily using this technique.

This approach was used in our design. Scattering matrix

analysis for this configuration is shown in the next section.

2.1 Scattering Matrix Analysis of Circulator

Dynamic behavior of a four port differential phase

shift circulator can be described using scattering matrix

analysis. Employing scattering matrix, wave amplitude emerging

from all four ports can be described as a function of input

wave amplitude and scattering parameters of all the inter-

connected devices. Figure 2 shows four port differential

phase shift circulator configuration used for anlaysis.

Instead of using a conventional S-parameter notation such as Sij,

a slightly different notation is used in this analysis. They

are defined as follows:

X i - indicates wave amplitude entering into Port i of the
magic tee 1.

xi - indicates wave amplitude leaving from port i of the
magic tee 1.

aij - indicates scattering parameter of the magic tee 1.

Yi - indicates wave amplitude entering into Port i of
the magic tee 2.

yi - indicates wave amplitude leaving from Port i of
the magic tee 2.

bij - indicates scattering parameter of the magic tee 2.
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U i - indicates wave amplitude entering into Port i of
the phase shifter 1.

ui - indicates wave amplitude leaving from Port i of
the phase shifter 1.

cij - indicates scattering parameter of the phase shifter
1.

Vi - indicates wave amplitude entering into Port i of
the phase shifter 2.

vi - indicates wave amplitude leaving from port i of
the phase shifter 2.

dij - indicates scattering parameter of the phase shifter
2.

All of the parameters defined above are complex

quantities involving magnitude and phase. According to the

notations given above, each device can be expressed as:

X" all a1 2  a1 3  a 14 X1

x 2  a21 a 2 2  a 2 3  a 2 4  X2 For magic tee 1 (1)

x3 a31 a3 2  a3 3  a34 , X3

.×4. a41 a42 a43 a44 IX41

Yl' b b1 2  b13  b1 4  YI"

Y2 b21  b22 b2 3  b24  Y2  For magic tee 2 (2)

Y3j b31 b32 b3 3  b34  Y3

Y4. -b41 b42 b43  b4 4  .Y4

[l] [C c12][UlJ For phase shifter 1 (3)
u2 c2 c22 U2

= ld l d1][ I For phase shifter 2 (4)
v21 Id21 J22 V2



And we have the following relations:

X2 =u

X3 =v
(5)

Y2= u 2

Y3 =v2

U1 =x 2

U 2  Y2
(6)

V1  =x 3

V 2  Y3

We can identify XI, X4 , YI, and Y4 as input wave amplitude of

the circulator and xI , x4 , Yl, and Y4 as output wave amplitude

of the circulator.

Using equations (1) through (6), any output wave

amplitude can be expressed as a function of input wave amplitude

and scattering parameters of all the interconnected devices.

For example, if we consider Port I as an input

port then:

X4 = Y1 = Y4 = 0 (7)

and output wave amplitude can be written as:

x I = allX 1 + a1 2 (Cllx 2 + c1 2Y 2 ) + a1 3 (dllX 3 + dl2Y3 )

x4 = a41X1 + a 4 2 (cllX 2 + c 1 2 Y2 ) + a 4 3 (dllx3 + dl2y 3 ) (8)

Yl = b 1 2 (c 2 1 x 2 + c 2 2 Y2 ) + b1 3 (d 2 1 x 3 + d 2 2 Y3 )

Y4 = b 4 2 (c 2 1 x 2 + c 2 2 Y 2 ) + b 4 3 (d 2 1 x 3 + d 2 2 Y3 )

8



where X2 , x-, Y2, and Y3 can be obtained by solving the following

simultaneous equations:

(i-a2 2cli) -a2 3dll -a2 2c1 2  -a23d1 2  x2  [a21X 1

-a32cli (l-a3 3dll) -a3 2c1 2  -a33d1 2  x3  a3 1 X1

- (9)
-b22c21 -b2 3d21  (l-b22c22 ) -b 23d22  Y2 0

L-b32c21 -b3 3d21  -b 32c2 2  (l-b33d22 ) .Y3. 0

Similarly, we can obtain all the output wave amplitude involving

with different input port.

If we assume ideal magic tee, scattering matrix

of ideal magic tee can be written as:

0 1/,2 l//2 0

l/12 0 0 l/v'

1/ 0 (10) V/

0 1/ '2 -l//2 0

9



and the equation (8) can be reduced to:

X,= X, (cl 1 + d1 l)

2

X4= X1 (cl 1 - d1 l)

2

Y1 = Xl (c2 l + d2 l)

2

Y4 = X (c2l d2 l)

2

10



3.0 FERRITE MATERIAL

Choice of a ferrite material for our application involves

the following considerations.

(a) The material should be reproducible on a piece to
piece basis - particularly free from density
variations and 4 7rMs variations.

(b) The material should, when used in the device,
have acceptably low rf magnetic loss at both low
signal strength and high signal strength (i.e.,
not exhibit nonlinear loss mechanisms).

(c) The material should have a low temperature
coefficient of magnetization - this normally
implies a Curie temperature in excess of 300 0 C.

(d) The ratio y41TMs/V should be between 0.4 and 0.8.
Below 0.4 the phase shift per unit length becomes
too low, above 0.8 the ferrite exhibits low field
loss.

Of the basic families of ferrite materials that are

available (hybrid garnets, magnesium manganese, spinels,

lithium ferrites and nickel ferrites) nickel ferrites are

most useful at the frequency range and power level in

consideration. They have high Curie temperature (greater

than 450 0C), suitable magnetization (1500 Gauss to 3100

Gauss) and acceptable magnetic loss. C-20 nickel ferrite

material from Countis Industries was used for circulator

design.

ii



4.0 PHASE SHIFTER

4.1 Theoretical Analysis

Theoretical analysis was performed on dielectric and

ferrite loaded ridge waveguide. The geometry under study is

shown in Figure 3. Dielectric rib is fully extending across

the ridge gap, and ferrite slabs are partially extending

across the ridge gap. Exact solution to the given problem

is very difficult to obtain, if not impossible. To approximate

propagation constant of the dominant mode, transverse resonace

equation was derived employing ABCD matrix method. 1

In ABCD matrix method, the electric field in the z

direction and magnetic field in the y direction at x = 0 are

related to the electric field in the z direction and the

magnetic field in the y direction at x = a by an ABCD matrix as

y (x=a) 1 FA [Hy (x=0) )

Ez (x = a)] C D Ez (x = 0)

Because the electric fields at the waveguide walls

are zero, equation (1) can be written as:

y (x = a)j = [A B] [Hy (x = 0)]

l"TE-M4ode Solutions for Partially Ferrite Filled Rectangular
Waveguide Using ABCD Matrices", W.P. Clark, K.H. Hering,
D.A. Charlton, MTT 1966.
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Figure 3. Dielectric and Ferrite Loaded Double
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or,

Hy (x = a) = A Hy (x = 0) (2a)

0 = C Ily (x = 0) (2b)

For nontrivial solution, the matrix term C must be zero.

Therefore, the transverse -!onance equation req:uires

C = 0 (3)

By applying the ABCD method to each region in ?.:ure 3, the

matrix quantity C can be calculated as follows:

A B' Fl B 2 2 A,~ Bn1
.... (4)

D C 1  Dl C2  D2 . Cr, Dn]

ABCD matrix for each region can be ren':esented as

i) Dielectric Region (including air)

A = cos KxZ (5a)

Kx
B = -j - Sin Kx Z (5b)

C =-j - Sin Kxk (5c)
Kx

D = cos Kx . (5d)

2x =
where K2 K KF- (6)

2 is the width of the region

ii) Ferrite region (Ho and Mo are in +z di ection)

14



A = cos KxfZ - - Sin KxfZ (7a)
Kxfe

B = ( - Kxf Sin KxfZ (7b)
(PKxf ( 2

C = Sin Kf£ (7c)
QKxf

D = cos Kxf9 - + Sin Kxfz (7d)

Kxfe

where Kxf 2 = 12Pf- 82 (8)

l+xxx (9a)

(1 +Xxx) 2 + ×xy

1 + Xxx6- = ___ (9b)

×xy

(Y47rMo) ('(Ho)
Xxx = (lOa)(YHo) 2 _-

-j (y 4,r Mo)w

Xxy = (10b)(yHo) 2 _-

Y is the electron gyromagnetic ratio

Mo is the ferrite magnetization

Ho is the internal DC magnetic field

w is the angular frequency of the electromagnetic field.

If Ho and Mo are in -z direction, Xxx is unchanged and

Xxy changes sign.

15



In the region where the internal DC maqnetic field is small

compared to the angular frequency, equation (10) can be

simplified as

XXX = 0 (lla)

y4T7Mo
Xxy = J (llb)

iii) Height change (See Figure 4)

When the height of the transmission li:.e in the transverse_

plane changes from b to d, ABCD matrix can be written as

A = d/b (12a)

B = 0 (12b)

C = 0 (12c)

D = 1 (12d)

iv) Junction Capacitance (See Figure 4)

The ridge in the waveguide presents discontinuities

to the electromagnetic waves and causes local fields. The

effects of these local fields are capacitive in nature and

included in the transmission line as discontinuity susceptance.

ABCD matrix can be written as

A = 1 (13a)

B = Bc (13b)

C = 0 (13c)

D = 1 (13d)

16



1 1TT
d-Bc b

Figure 4. Transmission Line Model for Height Change
and Junction Capacitance
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Where jBc iz capacitive junction-susc, tance. The

value of Bc can be obtained from the equation b Low.2

(a + l/()/Z
Be  2b ( 1 - a2 (1 + (A + A' + 2C)

9nI I - + 2
Yol Xg 4 - AA - C2

4 21 2 A:: ( 2 3 j (14)

(1 + a 1 + 1 - (b/ 1g)2 1 + 3t 2

Where A = -) (15a)
- - 1- (b/ g) 2 1-

/1 t 2 /., 1- dg JT7~ 2 3 2

A' =+i 2 . (15b)

2 (15c)1 a2

a = d/b (15d)

2Tr
Ag - (15e)

Kxl

Kx1
Yol =- - (15f)

W1LIO

KXl = fKo2 ,0 - 32  
(15g)

Note: The value of Bc obtained from equation (14) assumes

homogeneous loading of dielectric in the ridge waveguide.

In case of inhomoqeneous loading of dielectric in the

ridqe t,,7ve-, the value of 3c may be -ed as crude

appUOA 1: ,2,- ion

"'Waveiuide Handbook", N. Marcuvitz, McGraw-Hill, 1951.

18



The solution for the propagation constant of the

geometry shown in Figure 3 was programmed for the Hewlett

Packard 9845 desk top computer. A copy of that program

is included as Appendix B of this report.

In the preceeding analysis it was assumed that the

ferrite region was fully filled. In practice it will only

be partially filled in a high power circulator. It was found

that an averaging technique could be used to adequately

represent the partially loaded ferrite structure. The

approximate values were determined by a set of iterations

comparing analysis with measured results.

19



4.2 Phase Tracking

To implement the design of a four port differential

phase shift circulator using two magic tees and two non-identical

nonreciprocal phase shifters as shown in Figure l(d), the

following concA tions are imposed upon the phase shifters:

OAF = BF (16)

9AR- OBR = 1800 (17)

where: OAF is insertion phase of Phase Shifter A in forwarI
direction.

OBF is insertion phase of Phase Shifter B in forwarl
direction.

0AR is insertion phase of Phase Shifter A in reverse
direction.

OBR is insertion phase of Phase Shifter B in reverse
direction.

Due to the frequency dependence of phase character-

istics, these requirements are difficult to meet over wideband.

There are many parameters which can effect insertion

phase, such as width of the dielectric rib, dielectric constant,

location of dielectric rib, dimension and location of ferrite

slab, and biasing magnetic field strength. To meet the

phase tracking requirement, tie insertion phase differential

of the two phase shifters at demagnetized state should be

20



reasonably uniform over frequency range, preferably about

900. The choice of the dielectric constant and the width of

the dielectric rib have the most significant effect in

setting the proper amount of insertion phase differential.

Typical insertion phase characteristics of dielectric and

ferrite loaded phase shifter in WRD750D24 double ridge

waveguide are shown in Figures 5 and 6. Two phase states

due to oppositely directed biasing magnetic field are shown

along with demagnetized phase state. Here we define longer

phase state as 6- state and shorter phase state as 3 + state.

The insertion phase characteristics of an empty WRD750D24 double

ridge waveguide is also shown in the figures. In Figure 5,

two phase shifters having the same dielectric constant are

compared with respect to the variations in the width of the

dielectric rib. In Figure 6, two phase shifters having the

same width of dielectric rib are compared with respect to

the variations in dielectric constant.

The phase tracking requirement given in equations

(16) and (17) can be satisfied if we design the two phase

shifters in such a way that:

i) The insertion phase of one phase shifter, say
phase shifter A, in S+ state is equal to the
insertion phase of another phase shifter,
say phase shifter 1, in 1 - state over the
operating frequency range.

ii) The insertion phase of phase shifter A in
state is 1800 degree longer than that of

phase shifter B in .+ state over the operating
frequency range.

21



Dimensionis
Wide Rib: Gl .014, WD =.035, G2 =.055, WF = .050

G3 =.019, TF = .030

Narrow Rib:Gl .018, WD =.027, G2 =.059, WF = .050

G3 =.019, TF = .030

1200 Wide Rib

State

Demagnetized State Narrow Rib

1000+
Stt

Statee

Demagnetized State

Boo 
+
State

600O

Empty Wavequide
(WRD750D24)

- 400

200

8 10 12 14 16 18 GHz

Figure 5. Phase Characteristics With Variations in the Width of

Dielectric Rib (Dielectric Constant =13)
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Dimensions (Both Phase Shifters):

GI = .018, WD = .027, G2 = .059

WF = .050, G3 = .019, TF = .030

Higher Dielectric
1200 Constant ( T = 16)

State

Lower Dielectric
Demagnetized State Constant ( 13)

1000 +
State

State

Demagnetized State
800

600

Empty Waveguide
(WRD750D24)

400

200

8 10 12 14 16 18 GHz

Fiqure 6. Phase Characteristics With Variations in the Dielectric

Constant (Width of Dielectric Rib WD = .027")
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It can be accomplished by employing one phase

shifter with shorter but wide dielectric rib (or higher

dielectric constant) and another phase shifter with longer

but narrow dielectric rib (or lower dielectric constant).

The difference in length between these two sections is

made up by length difference in the waveguide enployed.

The effect due to the insertion of matching transformers

can be minimized by designing transformers having

approximately the same insertion phase length for both

phase shifters. Small insertion phase diifference due to

the matching transformer can he easily corrected by adjusting

other parameter, such as location of dielectric rib and biasing

magnetic field strength. Neglecting matching transformer,

actual insertion phase differential of the two phase shifters

at demagnetizel state becomes:

= ONLN - (C1Lw + 0ALA)

where 01 is the phase length of wide phase shifter per inch
at demagnetized state

ON is the phase length of narrow phase shifter per inch
at demagnetized state

OA is the phase length of empty normal waveguide per inch

LVI is the physical length of wide phase shifter

LN is the physical length of narrow phase shifter

LA is the physical length of empty normal waveguide

LN = L17 + LA

24
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By making adjustment of length, optimum result for uniform

insertion phase differential can be obtained.

Once insertion phase differential is set within the

acceptable range, fine adjustment can be made by adjusting

location of dielectric rib and ferrite slab, and biasing HDC

field strength. Typical differential phase characteristics

between- - state and '+ state with respect to the location

of the dielectric rib is shown in Figure 7(a) and (b).

When the dielectric rib is placed near the center of the

ridge, it gives more differential phase at higher frequency.

When the dielectric rib is moved toward the side, it gives

more differential phase at lower frequency.

In practice, breadboard phase shifters were

built based on computation, and absolute phase measurement

was performed with variations in the width of dielectric

rib, dielectric constant, location of dielectric and ferrite,

and HDC field strength. A simple computer program was

written, and measured phase data were fed into the computer

program to find optimum geometry. Introduction of matching

sections introduced small deviation from optimun result, but

compensation was done by adjusting the location of the dielectric

rib.

25



20

10

-~ 0

8 10 12 14 16 18 GHz

S-20

Figure 7(a). Differential Phase; Dielectric Rib is Loaded at

the Center of the Ridge ',WRD750D24)

G, = .069, WD = .035, G2 0, WF =.050

G3 =.019, T1' = .030, =13

30

20

12~ 0

-8 10 12 14 16 18 GHz

-20

- 3o

Fiijure 7(b). Differential Phase; Dielectric Rib is Loaded Near
the Edge of the Ridge (WRD75OD24)

G= .014, WD = .035, G2 =.055, WF =.050

G3 = .019, TE' = .030, -:=13
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Figure 8 shows the actual dimension for phase shifters,

and experimental results on phase are shown in Figure 9.

(Note: Sign is inverted on phase scale, that is, bottom

side has longer phase).

4.3 Matching

Chebyshev type 3 section dielectric loaded quarter

wave transformers are utilized for both phase shifters. As

mentioned above, the insertion of the matching transformers

introduced small deviation from optimum result. By

adjusting the location of the dielectric rib slightly,

optimum result was obtained. Results on VSWR for both phase

shifters are shown in Figures 10 and 11.

4.4 Insertion Loss

Figures 12 and 13 show total insertion loss for both

phase shifters. These measurements include the line lengths of

waveguide employed. Insertion loss can be reduced to some

degree by improving VSWR and using low loss bonding material.

27



_____________ .691

h .173~ . _ _

321 ET
136

G1+

WD

G3

PHASE SHIFTER A PHASE SHIFTER B

1.010, .u2 5

WD (Width of Dielectric Rib) .035" .0225"

G2 .058" .0455"

WF (width of Ferrite Slab) .050" .050"

G3 .020" .030"

TF (Thickness of Ferrite Slab) .030" .030"

Length 3.890" 5.090"

Dielectric Constant 13 16

Fiqure 8. Dimensions for Phase Shifters
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5.0 MAGIC TEE

5.1 General Considerations

The major effort associated with the design of the

hybrid magic tee is the impedance matching at the junction

over the intended bandwidth. Methods of matching the

junction include the use of reactive elements at the junction

cavity, and transformers between the flanges of each arm and

the actual junction at the cavity wall for each arm. In

addition to matching problem, there are other considerations

such as dissipated losses, phase balance, and power handling

capacity. To minimize dissipated losses, it is desirable

to avoid the use of dielectric materials, bonding agents

or screws inside the waveguide cavity. Phase balance can

be obtained as long as physical symmetry is maintained. In

terms of power hdndling capacity, it is desirable to avoid

sharp capacitive obstacles or low height construction in

the waveguiie.

5.2 Computer Analysis

In an attempt to study and design magic

tee using double ridge waveguide, a computer program was

written to find cutoff frequencies and characteristic

impedance of double ridge waveguide. Cross-sectional shape

of dout'e ridge waveguid? and its equivalent circuit

representation is shown in Figure 14 and equations used

for computation are summarized below without derivation.
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(Original derivation of these equations can be found in

Reference 3, 4, 5.)

The equations which govern the cutoff conditions

of the TEno type of modes are given by:

b
cotkxl - - tan k x s/2 - B/Yol = 0 (1)

b
cotkxl + - cotk, s/2 - B/Yol = 0 (2)

Equation (i) applies to the odd TEno modes 3nd (2) applies

to the even Tn, modes. k. is the propaiation constant

in the x direction at the cutoff and is 7iven by k x = 27/c.

The characteristic admittances in the transverse direction

(x-direction) Y.1 and Yo 2 are defined as:

k x  1 kx  1

Yol .... Yo2 - -

~ b ~'d

(3) S.B. Cohn, "Properties of Ridge Waveguide", Proc. IRE,
Vol. 35, pp. 783-788; August, 1947.

(4) T.!. Mihran, "Closed and Open-Ridge TWaveguide", Proc. IRE,
Vol. 37, pp. 640-644; June, 1949.

(5) S. Hopfer, "The Design of Ridge Waveguides", IRE. Trans.,
Vol. MTT-3, pp. 20-29; October, 1955
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The value of the normalized susceptance term B/Yol, which

represents the effect of the step discontinuity, can be

obtained from waveguide Handbook2 .

Employing power-voltage impedance definition,

the characteristic impedance at infinite frequency for

the TE10 mode is given by:

-2 * 120.r2 (3)
v=---- ---------------------------------------------

2cd 2 [. cind 2 2cos 2 .22 1 s in21
E: 02 d si2 h*sin2., 2 2 4 1

where c is cutoff wavelength of ridge waveguide.

= (a-s)

Cd .2 [ E 22cdh 2*lnb) 1-Cd/b) 21
b J'
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The characteristic impedance at any frequency f is obtained

by:
Zpv(f) = -- --v-

5.3 Magic Tee Design

Initially, magic tee was designed based on

intuitive reasoning. At the cavity junction impedance ratio

of H-arm, colinear arm, and E-arm is assumed to be 1:2:4. Then

Chebyshev type multisection quarterwave transformer between

flanges of each arm (WRD750D24) and cavity junction of each

arm were computed using equation (4). Cutoff frequencies of

TE1 0 and TE 2 0 mode at the junction were also computed. Based

on the computed results, two sets of brassboard magic tees

were made. Brassboard was chosen so that additional metal

could be soldered in place whenever design modification

is necessary. Figure 15 shows simplified sketch of the magic

tee. For the purpose of evaluation of characteristic impedance

of double ridge waveguide and verification of the theoretical

result, each maqic tee was made in three separate parts.

Part 1: H-Arm

Designed with F-ar section step-down quarterwave
transformer beu 'een WRD750D24 and H-arm junction.
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Part 2: E-Arm

Designed with 3 section step-up quarterwave transformer
between WRD750D24 and E-arm junction.

Part 3: Colinear Arm Including Junction Cavity

Designed with 4 section step-down quarterwave transformer
between WRD750D24 and colinear arm junction.

Since Part 1 and Part 2 of the magic tee do not include junction

cavity, these parts were used to verify computed characteristic

impedance of the double ridge waveguide. VSWR of H-arm (two

H-arm in back to back configuration) was measured and Smith Plot

of the measured VSWR is shown in Figure 16. Smith Plot of VSWR

for the same configuration was computed using transmission line

equation employing characteristic impedance given by Equation (4).

Computed results, shown in Figure 17, were in good agreement

with experimental results.

Due to the difficulties of transmission line

model including junction cavity, no attempt has been made to

analyze magic tee as a whole theoretically. Instead, it

was intended to find optimum matching structure experimentally

by using reactive element at the junction cavity. The

effect of reactive element can be measured at the flanges

of each arm, and then these measured impedance can be

transformed to cavity junction wall using transmission

line equation. Based on these transformed impedance, necessary
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IMPFOAC OR ADMITTANCE COORDINATES
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R.ITAC CO.P.N.N O.N' 00., 6' 0,.

GoALL SCALC PAR0M0?Efl

I 0*

,0 AL 14 
qj I.-

-o - . -
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NAME TITLE DW66 NO.

SM5ITH CHART FORM4 8? 3PR (-91 KAY ELECTRIC COMPANY, PINE BROOK. N.J. (Cs9 PITE NUA

IMPEDANCE OR ADMITTANCE COORDINATES

"/I,",,, ..

OA2 1 ,

Cz 
0

t~~I

* i -7-

7

RESSTNC CMPNC (ZgOACODUT RA4CIAL N CLE PNT(TP

'S - S - - -0 ' 0 0 0 = - - .. , -

-' I 

o 

' 
a 

0 
" a

- --.- - . = - *_ __ _
3" l*QO *!LN RA~ - . 'O AR / O +0

C.I.

CFNTER Firiure 17. Computed Smith Plot of



modification can be made. This method requires iterative

process of microwave measurement, engineering analysis, and

modification. However, this method has not been pursued

due to the time constraint. Therefore, magic tees designed

by Raytheon for previous projects were used for final

assembly of circulator. These magic tees were designed

for frequency range between 8 to 18 GHz. Performance

data of magic tees are shown in Figures 18 through 25.
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6.0 HIGH POWER

High power measurement has not been performed for the

circulator assembled. According to estimation based upon

available informations, circulator would require pressurization

and efficient cooling for safe operation at the specified

high power level.

6.1 Peak Power

6.1.1 Magic Tee

Magic tee used for circulator assembly

include capacitive obstacles for optimum matching. In order

to guarantee safe operation at the specified power level,

pressurization of waveguide would be necessary. Pressurization

windows for the specified power level do not exist at this time.

Microwave Research Corporation Model 270 is rated at 10 KW

peak/600 watts average for a VSWR of <1.1.1 and loss of <0.1 dB.

Microwave Development Labs have a unit under development. Further

development will be necessary if the desired power levels of 20 KW

peak/l KW average are to be met.

6.1.2 Phase Shifter

There are two effects of concern in the

phase shifter section, breakdown and nonlinearity. Nonlinearity

is the increase in insertion loss above a certain peak power

threshold. Ferrite material used for phase shifters design

'has been utilized previously for the similar frequency range

4ith comparable geometry. To prevent peak power breakdown,

air gap should be removed in bonding of dielectric rib.
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6.2 Average Power

6.2.1 Magic Tee

The average power capability of the

magic tees would be adequate if conduction cooling to liquid

cooled phase shifters is used.

6.2.2 Phase Shifter

Since the phase tracking is essential

for the operation of the circulator, efficient cooling of

phase shifter is required to prevent phase change due to

temperature variations. Liquid cooling with pressure drop

of 10 psi would be adequate.
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7.0 CIRCULATOR ASSEMBLY AND TEST DATA

Cross-sectional view of phase shifters for the circulator

assembly is shown in Figure 26. Final data on circulator

assembly are shown in Appendix A. WRD750D24 calibration

standards were used in the calibration. The designation

Port X-Y indirates that Port X was the input port while

output sjInals were measured at Port Y.
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8.0 CONCLUDING REMARKS

Four port 'lifferential phase shift circulator under

Contract No. N00173-80-C-0434 for Naval Research Laboratory

has been built. For frequency range between 8 to 16 GHz,

11 dB minimum isolation, 1.8 dB maximum insertion loss, and

maximum VSWR of 2:1 were achieved. Even though the performance

of the circulator designed did not meet the originally

intended specification, it has demonstrated, at least, the

feasibility of building the broadband four port differential

phase shift circulator.
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APPENDIX A

PERFORMANCE DATA
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RAYTHEON CKuH40 PORT 1-2

4 O*U00

.24.00

1G.00 ~I

7500. 000 1 u50u. 0000 rHz E IDULL. 1V

A- 2



RAYTHEON CKUH40 PORT 1-2

5. 00

4. 0

I-I.'

U"I,

c I 

C.-0 I C

A-3



RAYTHEON CKuH-40 PORT 1-3

-J 4 4 I

I G C

I-.- GO.Ii '

A- 4



RAYTHEON CK-uH4O P -RT 1- 3

30. 00

10 00 --

0. 00 i

A-5



RAYTHEON CKuH4O PORT 1-4

CI

1A-



RAYTHEON CKuH40 PORT 1-4

50. C0

0 i
3000 I I II

10.00

f
t

I. I I , I I I

,-S DOt. 0~fW, 09- Cv. 0000'I rIH--o- " 1l', 5 LJ "OO. U

A-"7



RAYTHEON CKuH4O PORT 2-1

2 4.0 DOI

001 1]C IC I ~ hI C11 -17I- 1 ' H I 1 1 . ~iciF



RAYTHEON CKuH40 PORT 2-1

50.00

40.00

30 .00-,

0 [I

10.00--

A-9



RAYTHEON CKuH40 PORT 2-3

"0."00 I

24.00

0.00 I

,500.000 1050.000 MHzXOEV 18000.000

A- 10



RAYTHEON CKuH40 PORT 2-3

5.00

4.00

3.00

2.00

1.00 Ai V V

0.00

A-1l



RAYTHEON CKuH40 PORT 2-4

40.00

32.00

24.00U)
0

8.00

?500.0]00 1050.0000 MHzXOEV 16000.000

A-12

... . . . . . . . .. ..k I



RAYTHEON CKuH40 PORT 2-4

50.00

40.00

30.00

U)
U)

20.00 rvkd  ,

10.00

I.00 , I I I i
7500.000 1050.0000 MlHzDrV IBOOO.000

A-13



RAYTHEON CKuH40 PORT 3-1

40.00

I0. -00

S.o

?'500.Ce 1050.00o0 MHz.O'V 18000.0coe

A-14



RAYTHEON. CKuH40 PORT 3-1

50.00

48. 0

30.00

' 20.00
,-4 11

10.00

U.I00 i I I I I I i I

7500.000 1050.0000 MHz/OKV IBOOO.000

A-15



RAYTHEON CKuH4O PORT 3-2

40.00

32.00

24.00 1

8.00

0. 00
?500.000 1050.0000 MHz,-DIV 18000.000

A
A- 16



RAYTHEON CKUH40 PORT 3-2

50.0g

3A~O

1050.0000 MHz,-D'/ Ot0-0.00

A-17



RAYTHEON CKuH4O PORT 3-4

4.00

24.00-

0 -1.00

.00 0.00 lzOV1000L
105.000.00z00l

A-i18



RAYTHEON CKUH40 PORT 3-4

9.00

4.00--

3.00--

2.00

0.00 I I I I ,

7500.000 1050.0000 MH-,or, 18000.000

A-19



RAYTHEON CKuH4O PORT 4-1

24.00

MIz-DI

.00 d~l ~/ IA 120



RAYTHEON CKUH40 PORT 4-1

4.00 I

-ci I

0 C-1 00 1 C-1505 COCKiM z Cl 5 00,Eo

A-21



RAYTHEON CKuH4O PORT 4-2

3 2. C- 1

110

5 1 l.2C 1050.Qi rI-0iH [1-1 DI 6 C' C' -l lC.

A- 22



RAYTHEON CKuH4O PORT 4-2

3 0.0CI

I it

20.0 CI ,

I o~ic'~~ic Il

A-23



RAYTHEON CKuH-40 PORT 4-3

32 . CO

24.-24



RAYTHEON CKuH-40 PORT 4-3

ID. U-U-

3 Ci. 00 j l I

A-25



APPENDIX B

COMPUTER PROGRAM
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P P Pr :,gr am "RI D1E
2 OPTION ERSE 1

0 Ii, Nb 2-' Pb' '2 0 .20 ' t '20 '. b' '0'
4 1 CM rA' R ,E'.7.,F,,k,riia.Sat .PEInBr
50 CrIt=.0001
6T0 Ep- =. 0001
70 Ea= I

90 1=0
9 N= U
1 IOE A1=.259'7

110 A 2=014
1 20 H.- 0- 5
130 A= 050
140 A=. 020
150 A4= 17-1-, A 2+A',+A5+A 6
160 A7= 259
170 B=. 321.' 1
1:-:0 D=. 1375
1'0 103=. 0
'00 B2=r-2-EL

210 Ef=LL.4
20 El=l

2 -:0 E2=
240- E:S=l13-.7-

0 E4=1
ri0 E5' 2-:l+ B-"' ' 2-P L E +f P.E Ea

270 E:=1

2.-,I7I E'-=LI-0 U- 0 =
"-' _1 pr = 0

1 lI a t = 1 -0
LI P S r 2r :L20

:4t F i

3:70 ' 1 '=Al

H H0 F,

400 c A , 4 =4
410 A:5 =A5
42-0 M '-Hr:'=A
4":0 A .'H=F

440 E 1 -El
450 E 2 =E2
460 E ': '=E '
470 E'4-=E4
438- 0 E 5 =E5
4? 0- E ' 6 - E 640 EmE Er
500 E',;

510 I MHIE 4 "A", "A2" 7:::"A -", ,: 4 7::, . . 7 A . 7.., "A
520 PR I NT UI': I NG 510
5 30 I MAGE 2 ' ' l . D r D 2::
540 PPINT IG I 5 0 A1,H A2,:A,4,Al5.A6,A7
,50 IMAGE 4."E "..." E2 ,7C,"E-".7:, E4" 7:." E. - E ., 7"E7

560 PP I NT USIG ; 550
570 PRINT USI-NG 5"O;El,E ,E E4,E5,E6,E7
5-0 IMG1 E 4,.,"1",.: ,"D" ,' ," ,"7'::,"Ei""6,,"-ra",6:,, "Sa t ''..G::, "P r+"
5 1? 0 PP . I N T US I NG 5'0
00 I MRGE - 5' ,, D .1D rl 1 , 2:.. 2' r rl rl r . :: ',

610 PRINT USG I H 600;E:., .IEt"f Gar a,. -' at., Fie rnip



620 F=Fi
63 0 Ren=0
64 0 Lbl: Rbt. =6. :_
650 Ibt.=0
660 IF Sat= THEN COTO Lt.2
670 I MAGE , "Rer"= M"DL rID, 5::. "** *****"

6:0 PRINT USING 670;Rer,,
690 Reri-Re .5*.I1+B2. B2+*E1.:,,
700 Lb2: K=2R*PI*F..11.S
710 K
720 CALL NE,.t ,cr-': Rbt, I bt. Cc t, E: '
730 Mt=l 1
740 IF Rem=O THEN Lb3
750 GOTO Lb4
7 60 Lb3: Rbo: -M :, =Rbt
770 Bet a=Rbt
7 0 GOTO Lb5
790 Lb4: Dbt. = Rbt -Rb , ' *2*B 1 D
:0 Ct a=Rbo M) + D b

::10 Lb5: Pha. =e=Betar* 1S'0 PI
I2 IMACE LL'1 DL , " C-1Hz", 5:: 1K " . Di iiE. " I .5 H "5H'-,E=AS " L. DrliLE . " DEC I

N C H "

:: PR I HT U .INC :320; F Bet F, Pha-
40L IF Rem= THEN Lb7

850 IF Reri K 0 THEN Lb6
S E. C Pbt m P h.s e
70 GOTO Lb :.

L L: N b M P h ae

890 GOTO Lb8
900 L b7: Obt '. M ='Ph a e
910 Lb:::" IF F=Fi THEN Lb?
92i F=F+DelI
9-0 GOT') Lb2
940 Lb9;: IF en, :0 THEN Lbl
950 L,_=720 ':'btKl .+Obt KM 4
960 IMACE " ,uart er N.,e Ler.gt h=" I. L'LIDE, " IHCH"
970 PR I I-NT U- ING 96 0: Lg
9:0 Lb 10: IF S at =0 THEN L b9'9
990 .+ 1
1000 ''N N ''TI Lb1l. Lbl2.Lb14
1010 LbII: R ern=R..er r,
1020 COTCO Lb l 3
1030 Lb 1: Per= Penri'p
1040 Lbl3: F=Fi
1050 M=O
I060 ICiOTO0 LbI
1070 Lb14: r=1
10:3 0 F=Fi
1090 F'PI NT LI N' 1 "I FFERPENT I AL PHEASE' L'EC I NC H
1100 PRP INT "FRE1' 1H z: B- - B:, B+ - Bc: B- - BP+"

1110 Lb 15: Drit'=Nbt ,:M '-Pbt rlPD
11 0 n' = Nbt r-l 0 bt PM
1130 Dp,=Pbt ,. : -OM ,: M,
1140 IMAGE , ID. D, 7:,. MLiDD. DD, 5::, MDDD. DD,5'.::, MDDD. DD
1 150 PRI NT IJ$SINC 1140; F! Dr'-. I'-, D rip
11 60 M:M+ 1
1170 F=F+elf
11:-80 IF F i=Ff THEN Lb15

1190 Lb99: STOP
1200 END
1210 ': Jun t ' B,:, F.: 1
1220 Rr=U B

1230 L,:=2*PI VI 1
1240 Cb= , 4*Ar '1- Ar 2 2
1250 Apb=' 1-' U L.: ' 2' .5
1260 Apb=' 1 +Apb' ' I-Apt,



1270 Apb-pb* ,+r' '11-Hr:I*-A- ''Ar
12'-:0 Apb=Apb+ 3.-+Ar 2 ,  : 1- Ar 2
1290 Ab= I- -B L-:' - -. 5

13-00 Ab- +Ab:' -:11-Ab

1 -l10 Ab-Ab ' * 1 + R: r-, ' :. I - r '' 2 A
1 320 AbRb -' 1 + -+ AR I-Fr .

1"30 B1=':.1-A '2) ,.4*At,
1:40 B1B*.1+Ar''1-Hr''' Arr+. Ar -
1350 BI=LOG(B1)
1'60 B2=24 FRb+RApb+2 *-b. ' : , pb-I:b 2
1 70 :3=, ..3 : 4 * L +
13-:350 E3=F .*,. K 1-Ar '"' 1+H r''' ... 4*Ar"

1390 ].= B * 3 : .5*Ar--1' '.1 -Ar2. +4 -ib*Ar - ' '2

1400 Bc= *B.. Lc*' B I + B+B3>
1410 SUT ND
14 20 S I1 N , t:rt tt , Ib ,Cr i t, E p s.
1430 1=I
1440 Id=1
1450 L 1: 1 =P R b t
1460 I.= Ibt
1470 IF Ibt. =0 THEN Ln2

14890 1-=-LIb
14'90 L ri-- 2 P; P_,=F'.
1500 I',=I

1510 Lr,-_" 'N Id GOCT Lr4, Lr5
1520 Lr,4 f;'de I=Ep;

15:0 1 dc I =:l0
1540 C OTO Lr,6

1550 Ln Rde I =0
1560 I de 1 =Ep:
1570 Id I
I C5 L n : Pr,,=P -Pje 1
15 9 0 Ir I :- I d 1

160,0 P P: + d, 1
1610 Ip= I'D+ Ide 1
1620 Fbt P,:,
1630 Ibt=I

1640 CALL Fund'. bl - I, Fr, Ir
1650 CALL C ab' Pr, Ir r
1 160 IMAGE M D. trD I11 DE, 4:, liD. D11DDE , 6:1 E . D1111'E
16:-0 IF -r Cr'it THEN Ret rair,
169I p P:=r
I _. cl c I f,, I

1720 b t =Fm
1720_,c I tbt =I rI,

1730 CALL Fund' Pb I Ibt P , I-r-
1740 R r,=Pr
1750 Ifr=Ir
1760 Pbt:Pp
1770 Ibi=Ip
173-:0 CALL Fund' d:bt , I b P Pr, I r
I 790 Pf p=Pr
1:::00 Ifp=Ir
1 1 0 Pf -Pf :-Pf m,

S -2 C, I f" ,d = I f" D - I f" r,,
10 IfdLf'C-Ifru

13 4 0 P f = fi ri, + I f p -2:' f

1 :350 IF L I C r,+ I -2 I .I ,
18:60 CALL Cridl Pdl Id'f s FRdl * Idei ,Pdel-, Idel ,41 .-370 CALL Cdi',F''_-f., I'F;.Pdets, IdelA,=.it', ItA'.

1-0 C ALL CkbF' P=, P. -,CIf :
130 IF Cf= .0000001 THEN Ln9

1900 ON Id GO T 0 Ln , .LnV 19310 Lr7 Id=2

1'20 IF 110 THEN Lr,ll
1930 1=1+B

B4

k_.



1940 GOT: Ln3
1950 LnS: COT Ln1l
19 6 L n9: A L L C 1t ," , Ic, R , I s, R C. I C.:
1 70 C A LL C rf u 1 t k Rfd I f d, Rf , I d,-d Rd, I dd -
1 ' C ALL Cdi ,- R s: I S , R d d , Idd. P o I' I Q'd
1990 R od_1.,' 1 -2*R o-=.
2000 I,:;d=-2* I i=

2010 - CA A LL Cq r t o-d, Ic, R , d, I C:c, -d
2020 R, c,_a d 1 - e ,.c d
20 Ic o i= - Ic c, d
' 4 -,ALL CrIiult ' :1, I"d ,cc'sd, Ic:',.Rd:. I'z>

2050C CIALL Cdi'Ptdz IdRdziRf, IfP,Rjzz Id::
2060 Rdz:-Rdzz
2070 Idz=-Idzz

2080 CALL C l, Rz I ,, Cdz:
L0 9I I F Cd:> 0. 88 801 THEH Lr 11
100 Pbt =s.. +R dz
1 111 Ibt =I=.+ Idz
1 IF 1 10 THEN Lnll

1 l L I = +1
148 0 0 TC Ln1
15C L nl8: PRIHT "2ERC E'ERIYTIYE"
1 .. 1T PiRet r, a 1 n

2170 Ln 11: I r-iE "DI .EPENC E OF I TE PAT I ON PRO E : f, 1=" D1. D1DE
21C0 PINT USING 217V;C:r
2190 Ret rain: SLIE'EIT

-,;-I l S LYE N D

2210 C S L r,: ::i 1 'i, :2, Y 2..
22=t:: =."1 ::2-7 1=' -

22 -:8 ' ,'3= 1 -Y I ' ,:7

240 '1:END'
LE C ''- : 1 1 '' 2 3,

LE 3=' v *1 2+ , 1- ' DeDrern

228=- 'Y ' 3 1 ,' '• D cror,
LI B E N D

2"1 uB,= Cabs +',' i .5
1 -il Pi m .5

L U I: E N D
2 -' '-UB C- I' 1 1 . ,

2 40 2 =SIN':.1 ' 'E ' '" 1 + E::: - ' 2
-5- '2=C D'.:: 1 ''E ',: 1 '-EXP'-Y,.'l 2
230 CUBPENtID

2370 'ELIB C cc''1Y 14 ,2
2330:l C', ''7 ' E P 1
2:90 ''2=- IN' H 1 ,E:::P' ' , -E::.: - > 2
2400 'SUBEND
241 - SLIIB 1 s qr t ,.1 1 2
2420 ,1a ,' 4::' 1 +7r'l* ' .25
2430 IF 1 0 THEN Lb al
2440 IF 1'=0 THEN Lba2
2450 An' g=ATN ',YI 7 -:: 1 .- 2
2460 CGOTO L,:q
2470 Lbal A n g=:I+ ATN,'Y1 :1' 2
24':0 0 OTO Lc =I
2490 L -,2 IF ''1 0 THEN Lba3

2500 An,F'; 4
251 10 ITII L,: q
5 'C Lb.-a rg:-PI 4
5:c L -: s :2r-1 ag Ot- ' Anrq

2540 C, '2=Ma g., IN- An .
2550 'EUBEND
256 SU- IB F .4 rid : P b t I bt Pr, I r.
257 0 DIM R '7,I I',' * s,', ', -,Is , R:' ',. Ic r,'7
25 ,0 l D Ir, P'ma'ii1 Ira' 11 ', r' 11 ,1rti-, 11 ,P'r ' 1i ',Irc' 11:'r,,d: 11 ,Irdi,.1>
250 CON A '.: 'OEM ',F,:,d , lr,'E ..2Lt.,Prr.:,



E. 1/~

2,--10 11=1

-0 C ALL Cripult ' Pb T Ib t Pt. I-,t R:t. I1bt=
2670 FOP 1=1 TO 7
2,640 Rk .. k E. I - b'
2 5 0 1 k,:,=-Ib

0 C A L L C a q r 't P k :, I .. R - , , I
67I IF Ik. I ' 0 THEN CALL NE ,.Rk::. I ' r1 : 1 * ,: 1, 1 I,

E. 0 NE:T I
U= I

2700 R.Q'... 0
2710 I ::K :-.'2H:

0 IF Sat=0 THEN Lbbl

2740 U=U+ 1-li -H+ -i P f i S. 't 1 1 5

2750 U= 1
"f li IIS...,'1U an, *Pa 'Re m F 11U0 ,

'770 Lbbl P:hH l~l:~~~-I :- : I :,
27,3 i 11 C ,}t .B=L ::. ':. U

2790 Rk Kk *E,5 R h Rb tS
3 00 CALL C-=qrt :I k :: 5 .', k..' 5.'
:10 IF Ik .: ' fl THEN CALL NH ' 'I .,5', IL-' 5', P'k' 5'' I1b.'%'

l K.:i: 1 R k I 1
c' = 0l

411 IF K>. 1l &i THEN Lbb2
5 0 IF r'=F THEN Lbt2
E:0 CALL Junct B 1 . 1 B D.:

S870 B c=-B : 1B K
28":0 vLbb2: FOR I=1 TO 7
-'_:'9 :: Rk ' I i: A' I

4111) I k :. a= I k ' I 'A I.,

'411I C LL C . I 'l, Ik: R.,R--r, h r,
-9 0 R=.n I 'P n,

2,7' 0 Ian I ,I = n
240 CI ALL Cc'os: k a, I k 3LRcr, Icr
-491 ' P5¢ 'c r' . I1:, R n:r

--''t Ic,:r'., I '.=Ic,:r,
5970 Pra'. I P:.r'

2::0 I r a' I. 'Icr:t'
C7 LL Cri,'j1r ' RI . I', I. I '_-r,, I-r _rl, Ia Pc n

3000 CALL -n, ul 'P0 I , I -r. Ik r.F, l '
3;010 Rnb'. I ' = -Prit. .

30 0 lrmb' I -Imib
3030 CA LL Cdi,'-' P-, Ir.r n :' ', Ik '.I I,,'.r~ b ., . rk..;
304 0 CALL Cri, t -I Pa1-r-,k lar, * Pr,', Ir,,
-050 Prmc ' I ,- *Pri:
3 0,60 I r, I ' =- I:* Im ,:

C3 070 Rm'd, I ,Prfnia I
.-0 ::: 0 I rld I ' = I m a.. I
3 090 NE':KT I
3100 R ', a, 11 =rip'. 7

1A7 1u In)a' 11 ' S 7'
3120 PnIb "1 1 =Prb' 7
3130 1mb, 11 .'Imb'. 7
3140 Rmc 11 'Rn' 7'
3150 171 I 1 )Imc '
.310 PInd' 11 '=Prd'r , 7

3170 Id, 1 Imd 7
:18 0 R ri a' 10' = 1

3190 I ra '., 10 '=0
3200 Rb, 10'10
3210 1mb, 10 ' =B,
3 2 20 Prac' 10'-0
3230 Inc 10 .=03 2 40 Ir,,:,i 10':0=3240 Rid 0'=1

3250 I m, n 10 '0
B36

ip



.3 -1 Rnifa' D)
0 Ima.9 =0s.80 R rb':-90

3290 Imb '0
3'0 Rnc & ) =0

* 31U Imc"9.:)0

33 0 [ind '. 9.) =

3340 R r-a r'. 8 m a . 6

0 I m : 8) = I ma'* ,
3.60 Rmb'8 ,Prfb'.6'
-: -" rj I rfb S.):, I rlib <6 '

.:8 R m,:38.:' Rm, 'm ,
-: ' 0 I ,,: .8,5. Ifi c,.

-.400 Rind : : =Rrd ".6
:4 10 1 rid" S_' ,= I rid C-,

4 2L7 1-RFLL Cd i R 's n - 'Ir n' 'RV '5 1k' R ' k 5,n :1
749L CRLL C multRO. I..PA.1-1. lr-15.P5. IlkS 5
44L0 CA L L Ci. 1Pu t 'P, IbT a= 5 ,-1 F, I
4 l iL L ri ro' -- 1 t k P P" I t P Pak I , = k [ I k k
40 CA.LL C mu 1 t 1 k 5 ' 5 R 5 1 k 5 ' k 5...S I <S 5
47LT P t [ =P bt 1~ !e 2 -P[ 5
433 I. b=ta It a -

4 -l CA LL Cmult.~F*I.LFa5 a5F r

5I00 Rr a'. 7. =-K' r-. 5 ' h ak
50 Ira', 7 -cri. 5. 1 -I
5 in., .7)=R h Pht k K
'57rl I , .' =1 Ic t. R h It k. K
.40 Rmc & 5z- 4 R Ph:

5J 11 I mc ' 7 =-K± I k 5, P hc
5 0 Pf' .d" 7 1 P.c r-, +
S0 Iri. 7=Ic nI, '+ I1a4
3P0 Rm 6 =Pnma 4

365 Ir,', 6'. Irnm,'. 4.,

LI PI m a'. 6) 1= rta '- 4
6. = 1-9 I rib -' = I b .

37: t Prc ' ' ric 4
- , rc 6 it, 5 c = 4I ',

4-40 Rm d' 6. Fr'm d 4.,
rtl lt01d 6 '=Iri' 4'

L. I r a' 5 P m a'

7 SA k P b 5 =Rmb 3'
379 t' 0 I mb ' 5 = I rb' :
' . AI Prc k5 =P.mc :

37 L I cr, ' 5' = I' mRin d' 5 '=Rrud' 3'

3740 Rm a' 4=Pii'2'

3 '-C 1 1  Irua'4'=Iina'2=

7S6O Rnb'- 4 'Pmfb' 2
-70 1mb' 4 '= Imb 2'

3380 Pic' 4 =Pmc
370 Irnc, 4 lr
3:300 Rod' 4 '=Pd' 2"
3810 irntr 4 '=7d 2

:2 0 Pin a', 3 P
:':0 1mm 3'=
4 A P mb'. -=0

3:350 viImb' '3 =0
360 Pmrc ' 3 =0

3:3713 I roc 3~ '0

:30 Iind -1 3 D=

3910 Im a-,2.'0 2 7



3920 K'. 2Fit '=0
":? .:O I flit k ,. ' ,

":9'? 0 1; rb' ,:(2> :, -
3:940 Pm'2'=O

39,.0 Ri,' 2:=I
39 0 I md '.2
3::9 ::0 P :::a, r,',' I,,

3990 I . .= I ,i a k,

4000 P: b b= ' mb
4010 Ix 1 1-b I r. 1
4020 P ::,c :R c 'Ra 1'
4030 I , =cI r,, ,  1

40C,40 P.. dJ=nld 1
4050 I ,i= I rol' 1

4060-- FORI 12 TI' 11
4070 CALL :ru FI. .. I aF'ma' I ' Ifi' I P .1 iii'
40CI30 CRLL C itui ' F't :, I b , ' , I i, I c FP ,,: I b ,

4090 Pt a=P a a+Pb:

4100 It a=I ma + Ib,:
4110 Ci ALL Cr,,ul t :P a. I a.Fmb' I Iit' I ' -ab I t.

4120 C ALL Cir,, lt 'F ,t I b.r' md' I rltd, I F'b''i. Ib',l

4130 P tR:Pt=b+Pt

4140 I t b = Iab+ I bd
4150 CALL Cr l F ,t I ,: Pra= , I Ira, I R.:a. Ica'

416 0 CRLL C mu1t 'F' dF I '. Prc,. I it. I I . d:. IA :

4170 Pt - =F: a+Rdc
4 1:",0 I t .: =I: EL + I'd c

4190 CALL Cr,,lt'Pc I .c,-Prb' I I mrb, I F-,cb', Ic '

420-0 CA LL Cru1t, ' d, 1 .,Pid, I lid. I ,Rd . Idd

4 210 Pt d Rc b + pdd4 2 1 0 R,1 = I ,: bc + I: d d
422.-0 ItdIcb Idd

4 2-0 P a=Pt. a
4-40 I a=It a
4250 P t.=P tb b
4260 I tb Itlb

4270 P P :

42 ,=0 I c = IT
4 74 - i F d:Pt d

4 i', l I .=Itd

4 , uE::T I

4 v0 Pr =,

4 ki Ir>=I
4 : 0 -IDEDI

4 :5 Vi U E;,- t'1 1

4 -:0 :=JBEMD

4-:TO 'i2=-'-'
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